HANSSON. Monophasic action potentials during induced hypothermia in hedgehog and guinea pig hearts. Am. J. Physiol. 253 (Heart Circ. Physiol. 22): Hl083-HlO88, 1987..To evaluate mechanisms behind the difference in susceptibility to ventricular fibrillation (VF) between the guinea pig and hedgehog heart, the cardiac electrophysiology of the two species was studied at normal body temperature and at different hypothermic levels by simultaneous recording of the monophasic action potential (MAP) and the external electrocardiogram (ECG). At normal body temperature, the duration of the ventricular MAP was significantly shorter in the hedgehog (93 t 8.1 ms) than in the guinea pig (138 ,t 2.6 ms). There was a distinct plateau phase in the guinea pig, whereas no such phase could be detected in the hedgehog. During hypothermia, a similar increase in MAP duration at full repolarization was noticed for both species. However, the prolongation of the MAP at lower repolarization levels was much less in the hedgehog. Besides, hypothermia-induced slow conduction and dispersion of ventricular repolarization was much more apparent in the guinea pig heart compared with the hedgehog heart. These differences may be important factors in the resistance to VF in the hedgehog, at normal body temperature and during hypothermia. monophasic action potential configuration; cardiac conduction; resistance to ventricular fibrillation PREVIOUS STUDIES (15) have demonstrated that the hedgehog, in contrast to most nonhibernating species, rarely develops ventricular fibrillation (VF) during hypothermia.
Hedgehogs have also been found to be resistant to VF under normothermic conditions. Johansson (15) failed to induce VF in normothermic hedgehogs by the use of aconitine, epinephrine, or procaine hydrochloride, whereas VF was easily produced in the guinea pig, the nonhibernating species used for comparison. In another study (5), it was also shown that the normothermic hedgehog had a pronounced resistance to VF evoked by rapid, high-current ventricular pacing.
To investigate the mechanisms behind the difference in susceptibility to VF in hibernating and nonhibernating species, we studied the electrophysiology of the hedgehog and guinea pig heart during normothermia and at different hypothermic levels by recording monophasic action potentials (MAP) recordings and the external electrocardiogram (ECG).
MATERIALAND METHODS ,4 nimul Preparations
Guinea pigs. Seven male guinea pigs (Cuvia porcellus) (0.94-1.16 kg) were used. The animals were anesthetized by an intraperitoneal injection of pentobarbital sodium 30 mg/kg. No additional anesthetic was given during the hypothermic period.
A tracheotomy was performed, and the animals were ventilated mechanically with room air. Respiratory rate and tidal volume were adjusted to keep the measured arterial blood gases close to normal. To avoid overoxygenation of the blood during hypothermia, the ventilation of the lungs was gradually decreased. The degree of reduction in the respiratory rate during hypothermia was derived mathematically from the arterial blood values obtained at 37°C (blood gas analyzer Radiometer ABL 2, Copenhagen, Denmark), using Van% Hoffs generalization, with a Qlo factor of 2 (1).
The body temperature, measured bv rectal and esophageal thermistor probes, was recorded continuously throughout the experiment. One carotid artery was cannulated for blood pressure measurements.
A left thoracotomy was performed in the third intercostal space, and the heart was suspended in a pericardial cradle.
Hedgehogs. The six hedgehogs (Erinaceus europaeus) used were of either sex and trapped in the south of Sweden during the spring. The animals were kept in the nonhibernating state at a photoperiod of 12:12 light-dark with an ambient temperature approximately equalling the outdoor temperature. Thereafter, for 4-6 wk before the day of the experiments, the temperature in the animal room was kept between 18 and 2OOC. The weight of the animals was between 1.2 and 1.6 kg.
The hedgehogs were prepared in the same way as the guinea pigs, except for the thoracotomy, which was performed by ligating and transecting the ribs along the left border of the sternum.
The hedgehogs were premeditated with diazepam (0.1 mg/kg ip) to reduce excitability. Hedgehogs are difficult to handle and anesthetize safely when they are in an anxious state. Safer and more reproducible anesthesia is produced after medication with diazepam. The half-life of diazepam is short, l-2 h, in rabbits, guinea pigs, hamsters, rats, and mice (7). It can therefore be presumed that diazepam is present only in very low concentrations in the hedgehogs at the time of the measurements. In addition, diazepam has very few electrophysiological effects, at least on cardiac repolarization (21). The metabolic acidosis observed in the hedgehogs, but not in the guinea pigs, was counterbalanced throughout the experiment by using an intravenous infusion (0.01 ml/min) of sodium bicarbonate solution (2.5 mg/min).
All analyses of pH, PO,, and PCO~ were performed using Radiometer thermostatic electrodes (G 2WG2, E5046, and E5036, respectively), regulated to the actual temperature of the hedgehogs. The degree of respiratory reduction was quite similar to that obtained in the guinea pigs, using a Q10 of 2.
Recording and Calculation of Monophasic Action Potentials (MAPS)
Left ventricular epicardial MAPS were recorded using a bipolar electrode (Fig. 1A) gently pressed against the anterior epicardial surface close to the base of the heart. The recorded MAPS were subjected to computer analysis. The amplitude and the duration of 50, 75, and 90% repolarization levels were determined, as was rise time between 10 and 90% depolarization.
The interval between the beginning of the P wave and phase 0 of the MAP was determined manually and used as a measure of atrioventricular conduction time. 
Experimental Protocol
The electrocardiogram (ECG, external leads I, II, and III) and MAP were recorded at normal body temperature (guinea pig 37OC, hedgehog 35°C). The animals were immersed in ice water, and the body temperature was continuously lowered, for guinea pigs until asystole appeared, and for hedgehogs to a rectal temperature of 15OC. The ECG and MAP recordings were repeated at the following rectal temperatures: 33, 30, 26, 22, and 15OC.
Statistics
Student's t test for paired and unpaired data was used to analyze differences within and between groups, respectively. The data are expressed as means t SE.
RESULTS

MAP at Normal Body Temperature
The differences between the two species with regard to the configuration of the MAP at normal body temperature are shown in Fig. 2 physiological values are given in Table 1 . The lack of a distinct plateau in the MAP of the hedgehog is reflected in its shorter values of MAP at 50% repolarization levels (MAPDsO) (45 t 1.7 ms) and of the duration of phase l-2 (53 t 9.7 ms), which are significantly different from the corresponding values in the guinea pig (114 t 3.5 and 113 t 2.6 ms, respectively). The duration of phase 3 did not differ statistically between the two species, but this phase was more steep in the guinea pig. In a few hedgehog recordings, a distinct phase 1-2 was absent, and in these cases only the variations in the MAP duration were calculated. The MAP rise time and the width of the QRS interval can be used as a measure of ventricular conduction velocity. In the guinea pig, the rise time (4.2 t 0.36 ms) and the QRS interval (30 t 3.6 ms) did not differ statistically from corresponding normothermic values in the hedgehog (6.0 t 1.67 and 37 t 3.2 ms, respectively).
The atrioventricular conduction time, defined as the interval between the P wave in the ECG to the first local activation in the ventricular MAP, was similar in both species. The QT interval (lead II) was significantly (P < 0.001) shorter in the hedgehog (116 t 5.1 ms) compared with the guinea pig (162 t 3.2 ms).
MAP at Different Hypothermic States
The effects of hypothermia on the guinea pig and the hedgehog MAP are summarized in Fig. 2 , and all values are given in Table 1 . In both species, the MAP was markedly prolonged during hypothermia. In the hedgehog, the MAP prolongation was largely due to an increase in the duration of phase 3 of the MAP, whereas in the duration of phase 3 was almost unaffected. These differences are also shown in Fig. 3 , in which the mean percentage changes from the normal temperature are plotted. In Fig. 3 it can also be seen that hypothermia had a greater effect on the atrioventricular conduction time in the guinea pig than in the hedgehog.
To detect a possible hypothermia-induced dispersion of repolarization, the regression of changes in MAP duration at 90% repolarization (MAP 90) on changes in QT interval was studied. The slope of the regression line, fitted by least squares, was significantly different (P < 0.01) for the guinea pig (1.26 t 0.03) compared with the hedgehog (0.99 t 0.01). The ventricular conduction velocity was measured both as MAP rise time and QRS interval (Fig. 4) . Both these measurements showed parallel changes at different hypothermic levels (r = 0.95, P < 0.001) but were much less affected in the hedgehog heart, indicating a better resistance to hypothermiainduced depression of ventricular conduction velocity.
The effect of hypothermia on the MAP amplitude was difficult to evaluate, as the intraindividual variation was large. However, the guinea pig tended to show a greater reduction in MAP amplitude during hypothermia.
DISCUSSION
Methodological Considerations
The most appropriate technique available for the study of electrical activity of myocardial cells is the glass microelectrode technique. However, such studies are technically difficult to perform in the beating heart in situ. An alternative technique is the recording of MAPS, guinea pig, the MAP prolongation was caused by an a technique that has been available for over a century extreme prolongation of the plateau (phase l-2). The (2). created in different ways. In this study, we used a mechanical approach, by gently pressing the electrode tip rise time as a measure of conduction was validated by against the epicardial surface of the heart, thereby avoidparallel changes in the QRS width at different hypothering irreversible damage to the heart. Several studies show mic levels.
that MAP recordings yield repolarization patterns similar to those obtained by the microelectrode technique (3, MAP Configuration 9). It is also known that pharmacological intervention In the present study we have shown that, in the left and changes in heart rate cause similar changes in the ventricular muscle, the action potential in the hedgehog MAP duration to those produced by intracellular recordhas a different configuration to that in the guinea pig. ing (4, 23). On the basis of these earlier studies, we used ( Fig. 2 and Table 1 ). In most of the mammalian cardiac the MAP technique to look at different configurations of tissues, which have action potentials without a prothe action potential in the two species and how they nounced plateau, the presence of an early (or transient) change under hypothermic conditions. outward current &,, &) contributes to the shape of the Hoffman et al. (9) stated that the records obtained by action potential. This is true of rat ventricular muscle the MAP electrode are not a reliable indication of the (17), rabbit crista terminalis cells (6), and human atria1 rate of depolarization of a single cardiac cell. Instead, muscle (Shibata et al. unpublished observations). This they suggested that the rise time of the MAP reflects the outward current, which is carried by potassium, will time the wave of depolarization takes to move over the area of the electrode. A' positive correlation between the rapidly bring the membrane potential to levels below 0 mV (17). As a consequence, the voltage-dependent cal-MAP rise time and the electrode area is also shown by cium channels will be inactivated within lo-20 ms and Hirsch et al. (8) . As the velocity of the propagating wave the repolarization process will be rapid. Since there is no front is reflected in the MAP rise time, this variable was pronounced plateau in the hedgehog ventricular MAP, it used in the present study as a measure of cardiac con-is tempting to suggest that IeO exists in the hedgehog duction velocity in the area of the electrode. The use of ventricular muscle as well. This could explain the differ- Various mechanisms may be involved in the observed hypothermia-induced prolongation of the MAP, such as reduction and/or slower activation of the voltage and time-dependent outward potassium current (IXl) (19), slower inactivation of the slow inward calcium current (Isi), delay in the inactivation of the rapid sodium current (lo), or indirect effects of the potassium conductance due to intracellular loss of Ca2+ (12). An outward current generated by the activity of an electrogenic sodium pump also contributes to the total outward current at least in cardiac Purkinje fibers. This current is shown to be inhibited by cooling (13) and most probably contributes to the prolongation of the MAP at hypothermia in both species.
MAP 90 was prolonged to a greater extent in the guinea pig heart compared with the hedgehog heart. However, this difference was mostly due to a greater heart rate reduction in the guinea pig, and the MAP was almost equally prolonged in both species if the comparison was made at equal heart rates.
The prolongation of the MAP at hypothermia was probably due to different ionic mechanisms in the two species, as the guinea pig action potential was prolonged by an increase in the plateau, whereas the hedgehog action potential was prolonged by a reduction in the velocity of final repolarization.
It is impossible, with the technique used, to evaluate what currents or ionic events are responsible for these differences. However, it is possible that the presence of a more pronounced Isi in the guinea pig counteracts the reduction in the repolarization velocity caused by a hypothermia-reduced potassium conductance, as it has been suggested that intracellular Ca2' bound to the inner surface of the cytoplasmic membrane is able to increase this potassium conductance (11, 12) .
Ventricular Fibrillation
The principal electrophysiological mechanism underlying ventricular fibrillation is considered to be reentry or circus movement. Three main factors determine the development of a reentry phenomenon, the size of the myocardium (i.e., the minimal number of cells necessary to develop a reentry circuit), the duration of the effective refractory period, and the cardiac conduction velocity (24). The difference in susceptibility to ventricular fibrillation could not be explained by the size of the myocardium, as the hedgehog heart is, in fact, somewhat bigger than the guinea pig heart. In a previous study (5), we showed that the ventricular effective refractory period at normal body temperature was about the same for the two species (i.e., -90 ms). Consequently, the difference between the two species in susceptibility to VF is probably mainly due to differences in the cardiac conduction velocity.
One factor determining the velocity of conduction is the rate of rise of the cardiac action potential. A premature action potential, elicited early in the relative refractory period, i.e., early in the interval between the effective refractory period and full recovery time, will have a slow rate of rise and propagate slowly in the heart.
The MAP under basal conditions was shorter in the hedgehog than in the guinea pig (93 ms compared with 143 ms, respectively, at 90% repolarization level; see Table 1 ). When these values are compared with an effective refractory period of 90 ms, it is evident that the relative refractory period is very short in the hedgehog ventricle, whereas in the guinea pig ventricle it is much longer. Consequently, at normal temperature, depolarization of cells that are incompletely repolarized is less probable in the hedgehog ventricle. This may explain the observation in a previous study (5) that premature beats were difficult to induce in the hedgehog. The inability to induce slowly propagating action potentials in the hedgehog could also be one possible explanation for its resistance to VF.
In this study, we also found that the ventricular conduction velocity, measured as MAP rise time and QRS interval, was much more decreased by hypothermia in the guinea pig than in the hedgehog. This also applied to atrioventricular conduction. This finding could provide an explanation for the difference in the sensitivity to hypothermia-induced VF observed in a previous study (15) In the guinea pig, the amplitude of the MAP tended to become more reduced during hypothermia than in the hedgehog. If the changes in MAP amplitude reflect true changes in single cell action potential amplitudes, the observed tendency of the MAP amplitude in the hedgehog to be less affected by hypothermia is most likely also of antiarrhythmic importance. The capacity to maintain the amplitude of the AP during hypothermia is dependent on a working Na+-K' pump (20) and has been described for other hibernating species (14).
Another factor, most probably of importance for the difference in susceptibility to hypothermia induced VF in the guinea pig and hedgehog (15), could be a capacity of the hedgehog to homogenously prolong the repolarization in the whole heart. In the guinea pig heart, some structures seemed to be more sensitive to hypothermia, as the QT interval was succesively more prolonged than the duration of the left ventricular epicardial MAP, indicating an increased dispersion of repolarization in the heart. Such an increased dispersion predisposes for VF of the reentry type (18).
In summary, this study indicates that partly different ionic mechanisms regulate the action potential in the hedgehog and guinea pig ventricular muscle. Functionally, the hedgehog seems to have a shorter relative refractory period, and it also shows less depression of cardiac conduction velocity during hypothermia.
Consequently, the phenomenon of slow conduction is more apparent in the guinea pig heart than in the hedgehog heart. These differences together with less dispersion of repolarization may be important factors in the resistance to VF in the hedgehog at normal body temperature and during hypothermia.
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